Introduction
[2] The Lyman-a radiation of solar chromospheric origin at 121.6 nm belongs to the vacuum ultraviolet spectral range and is by far the most intense line in the solar irradiance spectrum. It is only because of the low absorption crosssection of molecular oxygen (O 2 ) at about ≤10
À21
-10 À20 cm 2 that the Lyman-a radiation can penetrate into the mesosphere down to the 70-75 km altitude range, where it is also the main agent in the direct ionization of NO [Nicolet and Aikin, 1960; Kockarts, 2002] , responsible for the formation of the D region. For these reasons, the solar Lyman-a radiation is an important factor for the dynamics of the atmosphere at these altitudes, resulting in molecular oxygen and water-clusters dissociation and participating actively in the distribution of minor species such as water vapor, ozone, and nitric oxide [Woods et al., 2000 and references therein] . However, only sparse space measurements exist, and adjustments between them have been achieved through important modeling efforts using proxies, like SOLAR2000 , in order to infer Lyman-a variations on long timescales. A suitable alternative is the monitoring and analysis of very low frequency (VLF; 3-30 kHz) wave propagation anomalies. VLF waves propagate by multiple reflections over long distances within the Earth-ionosphere waveguide, and their phase and amplitude provide information about the electrical properties of the waveguide's conducting boundaries, i.e., the reference height H and the conductivity gradient b of the Earth's surface and of the low ionospheric plasma of the D region [Wait, 1959; Wait and Spies, 1964] .
[3] Sub-ionospheric propagating VLF waves have been used to study external forcing agents like solar flare X-rays [Bracewell and Straker, 1949; Comarmond, 1977; Muraoka et al., 1977; Thomson et al., 2005; Raulin et al., 2010] , g-ray bursts from astrophysical remote objects [Tanaka et al., 2010] , or meteor showers [Chilton, 1961; Kaufmann et al., 1989] . During solar flares, it has been shown that only soft X-ray photons with l < 2 Å can penetrate down to 70 km altitude and lower and produce significant ionization enhancements that result in variations of one or both of the Wait parameters. On longer timescales, the variability of the quiescent Lyman-a emission between solar minimum and maximum has been proposed to account for the differences of the observed ionospheric response to solar flares [Pacini, 2006; Pacini and Raulin, 2006] . The same Lyman-a variability was also found to be responsible for the long-term changes of the properties of the ionospheric C region .
[4] It is only recently that continuous high-cadence (50 ms) observations of the Lyman-a solar irradiance have been obtained by the PROBA2/LYRA (Project for On-Board Autonomy 2/Large Yield Radiometer) radiometer. This provides a unique opportunity to measure the short-term Lyman-a variability and look for its eventual effect on the low ionosphere. In this paper, we use LYRA and South America VLF Network (SAVNET) capabilities to compare the ionospheric response to moderate and medium-size solar flares and look for differences depending on whether or not the flare was accompanied by transient Lyman-a excesses. In the next section, we report on the instrumentation used and the method for data analysis. Our results are presented and discussed in section 3, and concluding remarks are given in section 4.
Instrumentation and Data Analysis
[5] The SAVNET array is currently composed of nine VLF tracking stations located in Brazil, Peru, Argentina, and Mexico. Few additional receivers will be installed sometime in 2012 in Northern Brazil and Eastern Europe. SAVNET is used to study VLF wave propagation anomalies due to external disturbances, like solar flares, solar activity phenomena, and g-ray bursts from astrophysical remote objects Tanaka et al., 2010; Raulin et al., 2011] or induced from below the lower ionosphere like planetary waves and seismic electromagnetic effects [Hayakawa et al., 2011] . Each receiver is composed of three electromagnetic sensors, and the VLF signals received from powerful transmitters are amplified and then digitized using a commercial audio card. The measured output parameters are the phase and amplitude of the transmitted VLF wave. The received amplitude depends on the integrated absorption of the wave at all distances along the propagation path and at all altitudes below the reflection height, while the received phase is mainly dependent on the reflection height [Watt, 1967] . In this paper, we then focus on phase advances only. The sensitivity of the phase measurements is set by the RMS noise in the phase data and will depend on the conditions of wave propagation and thus on the chosen propagation path. Adopting a 3 Â RMS criteria, the lower sensitivity for a 1 s time constant is of the order of 2 degrees. Further details on the SAVNET receiver locations, instrumental setup, and scientific goals are described in Raulin et al. [2009 Raulin et al. [ , 2010 .
[6] In order to have a uniform set of phase advance measurements, when possible, we have chosen VLF paths with similar orientations between the transmitter and the receiver and similar wave propagation directions. In Figure 1 , we show the three VLF propagation paths used between transmitters NPM (Lulalai, Hawaii, 21.4 kHz) and NWC (NorthWest Cape, Australia, 19.8 kHz) and receivers PLO (Punta Lobos, Peru) and ATI (Atibaia, Brazil). The VLF path used for each event is also indicated in Table 1 (see section 3). Figure 1 indicates that all three VLF propagation paths are west-east oriented, with a wave propagation direction from west to east. In order to check how our results depend on the path orientation, other transmitters are available such as NLM (La Moure, North Dakota, US, 25.2 kHz) and NAA (Cutler, Maine, USA, 24.0 kHz). Moreover, except for the path NPM-ATI which is located above land for~25% of its length, Figure 1 shows that wave propagation is essentially over sea, limiting the effects of higher mode propagation. From left to right, the different columns indicate the following for each studied event: the date, time, and event number; the VLF propagation path considered; the X-ray peak flux; whether (Y) or not (N) the event is associated with an excess of the Lyman-a flux and the value of this excess; the total X-ray fluence, F tot ; and the normalized phase variation ΔΦ and its 3 RMS uncertainty.
[7] The treatment of the phase data was done as follows. The phase advances ΔΦ are first normalized to the length of the sunlit path. For the events studied here, the illuminated portion of the propagation paths is long enough (>3000 km) so that the effects of higher propagating modes on the received phase should be negligible. Then, for each event, a mean solar zenith angle, w, was estimated along the sunlit path at the time of the maximum phase advance. To achieve this, each VLF propagation path is divided into 500 parts; a solar zenith angle w i (i = 1, 500) is computed for each of the illuminated pieces, and w is taken as the mean of the w i . In order to take into account the solar illumination conditions as in Muraoka et al. [1977] , the phase advances are corrected by the factor [cos(w)]
À1 . Finally, the values of ΔΦ were normalized to a distance of 2.88 Mm in order to compare our results with those of Pacini and Raulin [2006] . For paths with similar directions (here EW), the above procedure allows estimation of ΔΦ values which are not critically dependent of the VLF propagation path length and of its illumination conditions. Indeed, using NPM-ATI (length of 13.07 Mm) and NPM-PLO (length of 9.65 Mm) for a given flare, we obtain ΔΦ values which differ by less than 1 degree, that is, smaller than the uncertainties given in Table 1 . However, for the flares studied here, ΔΦ values obtained by considering NS propagation paths between transmitters NAA (24.0 kHz) and NLM (25.2 kHz) and receivers PLO and ATI are up to 7 degrees larger than those obtained by considering EW oriented paths.
[8] The solar flare X-ray database used in this paper is composed of soft X-ray fluxes measured by the Geostationary Operational Environmental Satellite (GOES) detectors which record solar photons in the 1-8 and 0.5-4 Å wavelength channels (NOAA, Space Weather Prediction Center), corresponding to photon energies in the range 2-12 keV. We are interested in X-ray photons with l < 2 Å (see section 1) because higher wavelength photons are mainly absorbed above 80 km of altitude and do not disturb the D region Satori et al., 2005] . Therefore, fluences integrated over the 0.5-2 Å wavelength range have been computed in the same way as in Pacini and Raulin [2006] . Namely, we assume that X-rays are emitted by the hot isothermal plasma associated with the flaring active region. Then the temperature, T(t), and emission measure, EM(t), of the emitting plasma are derived as a function of time, t, using the two wavelength channels of the GOES detectors, and the Mewe abundance and ionization equilibrium models [Mewe et al., 1985] . Using T(t) and EM(t), we calculate the isothermal spectrum of the source as a function of the photon wavelength for each time t and integrate it between 0.5 and 2 Å in order to get the instantaneous X-ray flux within this wavelength range, F(t). It should be noted that the use of CHIANTI models with coronal elemental abundances [Landi et al., 1999 [Landi et al., , 2002 are in principle more appropriate than Mewe models for hot flaring plasma. Nevertheless, we stayed with Mewe models in order to obtain fluence values derived in the same way as those reported in previous works [e.g., Pacini and Raulin, 2006] . While the instantaneous flux of the incoming X-rays, F(t), is related to the ionization rate in the low ionosphere, the net VLF phase changes, ΔΦ, reflect an energy deposit which is related to the fluence, F tot , obtained by integrating, F(t) between the start of the soft X-ray emission and the peak of the VLF phase advance [e.g., Pacini and Raulin, 2006] .
[9] The LYRA [Hochedez et al., 2006; Dominique et al., 2012] instrument monitors the solar irradiance at very high cadence (50 ms nominally) in four ultraviolet channels, one of which is dedicated to the strong Lyman-a line at 121.6 nm. The radiometer is onboard the PROBA2 spacecraft (ESA) and started its operation on 6 January 2010. The nominal LYRA Lyman-a channel experienced strong degradation early in the mission but recorded several M-and C-class flares in February and March 2010, some having a clear signature in the Sun-integrated Lyman-a light (and other not). For the events studied here, we started with the (uncalibrated) LYRA level 1 data and processed them following Kretzschmar et al. [2012] in order to remove effects that can affect the flare signal; in more details, we (1) removed a dark current excess that is observed during some periods early in the PROBA2 missions, (2) corrected for the LYRA channel degradation with a multiplicative factor, and (3) used the absolute value given by the Solar Radiation and Climate Experiment (SORCE)/Solar Stellar Irradiance Comparison Experiment (SOLSTICE) instrument for that day to convert count rates in physical units. These steps allow a better estimate of the true Lyman-a excess during flare than by using the calibrated LYRA level 2 data directly. The PROBA2 spacecraft suffers a large angle rotation (LAR) approximately every 25 min, creating sharp dips and peaks in the Lyman-a time profile. Thus, flares occurring close to a LAR have not been considered.
Observational Results and Discussion
[10] Figure 2 shows the time evolution of F(t) (top), of the background subtracted Lyman-a emission (middle), and of ΔΦ(t) (bottom) for a flare associated with a significant excess of Lyman-a radiation (left) and a flare without measurable excess of Lyman-a radiation (right). As explained in Section 2, each ΔΦ has been corrected for the corresponding mean solar zenith angle w and normalized to an illuminated distance of 2.88 Mm. The vertical dashed line on the left indicates the onset time of the soft X-ray emission (3s over background) in the 1-8 Å channel, while the vertical dashed line on the right indicates the time of the maximum VLF phase advance. The quantity defined in section 2, F tot , has been obtained by integrating F(t) between these two times. The events in Figure 2 correspond to two flares with similar F tot and ΔΦ values, although only one of them exhibits Lyman-a excess emission. The 7 February 2010 flare started during the decreasing part of an earlier event which is not shown since it occurred close to a LAR of the PROBA2 spacecraft.
[11] Table 1 displays the date and time, the event number, the VLF path used, the GOES peak flux, F tot and the VLF maximum phase advance for the seven solar events of moderate to medium sizes (GOES class from C2.5 to M2.0) studied in this paper. It also indicates if a given flare is associated with a Lyman-a excess (Y) or not (N), the Lyman-a excess if it is significant, and the RMS noise otherwise. It should be noted that, when significant, the Lyman-a excesses remain ≤1% of the quiescent pre-flare background level.
[12] Figure 3 shows ΔΦ as a function of F tot for the seven solar events under study. Three were associated with significant Lyman-a excesses (squares), and the other four were not (triangles). For each event, the fluence error bars represent the spread of the F tot values calculated with and without background subtraction. Error bars for ΔΦ (full vertical lines) are sized to three times the RMS variation of the phase data as indicated in the last column of Table 1 . The crosses at the top of the vertical dashed lines show the values of ΔΦ obtained using NS oriented propagation paths (see section 2), when possible. The dash-dotted lines in Figure 3 show the variations of ΔΦ (for a VLF propagation path of 2.88 Mm length) as a function of F tot inferred by Pacini and Raulin [2006] for solar flares occurring around solar minimum (upper dashed line) and around solar maximum (lower dashed line).
[13] From Figures 2 and 3 and Table 1 , we remark the following:
[14] • Some solar flares are clearly associated with excesses of Lyman-a radiation, and others are not, independently of their X-ray peak flux; all the studied events do present a VLF phase advance within the range of values inferred by Pacini and Raulin [2006] for flares occurring during solar minimum and during maximum periods; Figure 3 shows that this finding is independent of the orientation of the VLF propagation path.
[15] • For the three events of similar X-ray fluence, there is no significant difference between the observed ΔΦs whether they are associated with Lyman-a excesses (event 1) or not (events 4 and 5). This conclusion is only valid for flare-associated VLF effects measured with similar orientation path (see section 2).
[16] The above results indicate that the ionospheric effect of Lyman-a radiation associated with flares is negligible compared to that produced by soft X-rays. This statement is consistent with the fact that the observed Lyman-a flux excesses are about only [0.3-1]% of the background value. This can be understood, for example, if the flaring radiation in Lyman-a, which comes from localized regions of the solar disk, is too small, compared with the quiescent emission originating from the whole disk, to produce significant ΔΦ.
[17] Raulin et al. [2006] and Pacini and Raulin [2006] indicate that the response of the ionospheric D region, when disturbed by a given solar flare, is stronger during solar minimum than during solar maximum. Their interpretation is that the quiescent ionospheric reference height is higher for solar minimum conditions than for solar maximum. This change of the reference height is attributed to the variation of the quiescent Lyman-a irradiance through the solar activity cycle. This conclusion is in agreement with simulations of VLF wave propagation performed by McRae and Thomson [2000; 2004] to estimate the D region altitude. For solar cycle 22, Pacini and Raulin [2006] have shown that ΔΦ changes by 10 degrees. This corresponds to a decrease of the reference height by 1 km.
[18] The composite Lyman-a time series from 1947 to the actual epoch . This corresponds to a 60% increase of the quiescent Lyman-a level and a 10 degree increase in ΔΦ. Consequently, the Lyman-a flaring excesses reported in Table 1 [19] It would be relevant to understand why some X-ray solar flares are accompanied by Lyman-a radiation excesses while others are not. This question deserves further investigation and is beyond the scope of this paper. However, we remark that while soft X-rays result from the heating of coronal regions in response to the primary flare energy release process, the Lyman-a radiation most likely results from the transport of part of this energy from the corona to the chromosphere and its deposition there. As transport conditions may vary from flare to flare, a strong correlation between the X-ray flux and the level of flare associated Lyman-a radiation is not necessarily expected.
Concluding Remarks
[20] By comparing the response of the lower ionosphere to seven solar flares of moderate to medium sizes, we have shown that the impact of transient solar Lyman-a excesses on the electrical conductivity of the D region is negligible. According to our estimates, the observed Lyman-a excesses during the studied solar flares represent only a very small fraction (<1%) of the background emission. This is consistent with the fact that Lyman-a flaring regions are small compared to the full solar disk which radiates the quiescent Lyman-a radiation. In terms of VLF phase measurements, the Lymana flare excesses reported here are estimated to produce phase changes about 20 times below the sensitivity of the present VLF measurements. Thus, although the quiescent solar Lyman-a radiation can be monitored along the solar cycle using the VLF technique, the explosive excesses observed in Lyman-a cannot. Their impacts in the low ionosphere are indeed well below the VLF sensitivity detection limit.
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